The observed seismic anisotropy of the southern African mantle from both shear-wave splitting and surface wave observations provides important constraints on modes of mantle deformation beneath this ancient continent. We find that the mantle anisotropy beneath southern Africa is dominated by deformational events in Archean times occurring within the lithosphere, rather than present-day processes in the sublithospheric mantle. Consequently, the distribution and magnitude of anisotropy provide valuable data to constrain the mantle's role in the tectonic evolution of this region.
Introduction
What distinguishes Archean cratons from other kinds of continental lithosphere?. This single question has occupied Earth Scientists for decades, and continues to do so. While we have not yet obtained a satisfactory answer to this question, there is broad agreement that it is the mantle, and the mantle's interaction with the crust, that is fundamentally different. For example, the tectosphere model for the creation of Archean cratons (Jordan, 1975; , posits the existence of a buoyant, highly refractory basalt-depleted mantle root that serves to stabilize, strengthen, and thus increase the survivability of ancient lithosphere. Southern Africa is particularly valuable in providing access to this mantle component. The abundance of kimberlite nodules from the mantle and crust has had a dramatic impact on our understanding of cratonic southern Africa. The Kaapvaal Project, and in particular the deployment of the Southern African Seismic Experiment, has allowed for an unprecedented examination of the lithospheric mantle beneath an Archean craton.
Despite the mantle's central importance to understanding cratons, the tectonic history of the region has, of necessity, been primarily derived from the geology of crustal rocks. Given the importance of the mantle, it is essential to obtain the tectonic history of the cratonic mantle. We seek answers to several questions. For example, we see terrane boundaries at the surface. Are these lithospheric boundaries or are they superficial, upper crustal features? More generally, do the crust and mantle evolve and deform as a coherent unit, in a way idealized by a thin viscous sheet, or do they behave differently, due to compositional and mineralogical differences in rheology. Do they indeed have a distinctly different history? As with the geological study of the crust, we seek fossil indicators preserved in the lithospheric mantle that may provide constraints on this history.
There are various seismic structures that could be used as mantle fossil indicators. One such indicator is the presence of seismic reflectors, denoting zones of high impedance contrast that can be interpreted as changes in either mineralogy or composition. For example the Moho has been mapped beneath southern Africa (Nguuri et al., 2001) , and is clearly geologically controlled. Reflectors interpreted as ancient dipping slabs have been reported using data from the Slave Craton (Bostock, 1997) . We have carefully examined the discontinuity structure of the upper mantle (between the Moho and 410km depth) beneath the Kaapvaal Craton for features similar to those found beneath the Slave craton. A systematic examination of these data, however, revealed a very simple upper mantle, with no evidence for equivalent reflectors (Gao et al., 2002) .
Another particularly valuable way to access the tectonic history of the mantle is through the study of mantle seismic anisotropy. The anisotropy of the lithospheric mantle reflects strain-induced fabric that, coupled with available geochronology, provides constraints on the structural-geological history of mantle deformation. One may then proceed, like a structural geologist whose field area is the mantle, by attempting to infer the underlying process that led to the deformation, and then comparing this structure to structures in the crust. Also, as with the crust, this fabric is not only an indicator of past deformation, but it may also modulate subsequent deformation.
As we will see, the mantle fabric derived from seismic anisotropy is dominated by the now-welldocumented ~2.9 Ga and later Neo-Archean collision between the Eastern Kaapvaal Shield and surrounding cratonic regions to the west and north. The pattern of deformation is much simpler than that inferred from crustal rocks, and reveals regions of coherent deformation between crust and mantle, and regions that do not display this correspondence. We show that this SOUTH AFRICAN JOURNAL OF GEOLOGY SEISMIC ANISOTROPY, MANTLE FABRIC, AND THE MAGMATIC EVOLUTION OF PRECAMBRIAN SOUTHERN AFRICA mantle fabric produced oriented mechanical weakness (mechanical anisotropy) in the mantle, and that this fabric was reactivated during four subsequent large-scale rifting and magmatic events: the Great Dyke, Ventersdorp, Bushveld, and Soutpansberg. Seismic velocities are a function of propagation and polarization direction and this dependence is referred to as seismic anisotropy. Seismic anisotropy in the mantle is most likely due to lattice-preferred orientation (LPO) in mantle minerals, primarily olivine, which is produced by finite strain in the mantle (i.e., Silver and Chan, 1988; Ribe, 1989; Karato and Wu, 1993) Extensive knowledge concerning the relationship between LPO and strain permits inference of the mantle deformation field using observations of seismic anisotropy. One particularly robust manifestation of seismic anisotropy is referred to as shear-wave splitting. With shear wave splitting, a shear wave propagating through an anisotropic medium is split into two quasi-shear waves with orthogonal polarizations and differing velocities. The orientation and magnitude of the anisotropic layer can then be characterized by a fast polarization direction, , and delay time, ␦t. The phenomenon is analogous to the optical birefringence exhibited by certain minerals such as calcite or olivine. For vertically-propagating shear waves, in a simple anisotropic system, and for a shear flow characterized by a horizontal flow line (lineation direction), will be oriented parallel to the flow line, and ␦t will be proportional to the product of the thickness and intrinsic anisotropy of the layer.
There are two sources of deformation that are expected to dominate contributions to mantle anisotropy: lithospheric deformation and asthenospheric deformation. The simplest form of the first type is referred to as vertically coherent deformation of the lithosphere (Silver, 1996) , which is idealized by the deformation of a thin viscous sheet (England and McKenzie, 1982) , and characterized by a vertical velocity gradient approaching zero (Silver, 1996) . In this case the crust and mantle deform coherently. This kind of anisotropy is most efficiently generated by transpressional deformation, producing a vertical shear plane and horizontal flow line. Asthenospheric deformation may be idealized by simple asthenospheric flow, representing the horizontal shear flow between two high-viscosity layers: the lithosphere above and subasthenospheric mantle below (e. g., Vinnik et al., 1995) . It is characterized by a horizontal shear plane and horizontal flow line. In the case of vertically coherent deformation, the surface strain field can be used as a predictor of the mantle field. In simple asthenospheric flow, the orientation of shear (and hence ) is parallel to the differential velocity vector between the lithosphere above and high-viscosity mantle below (Silver and Holt, 2002) .
Examples of each type of contribution, as well as the presence of both, exist throughout the world. An excellent example of vertically coherent deformation is the mantle deformation of the Tibetan Plateau, in response to the India-Eurasian collision (McNamara et al., 1994; Silver et al., 1999; Holt, 2000) . Western North America corresponds to a region that is dominated by simple asthenospheric flow, where the subasthenospheric mantle is moving to the east with a velocity of about 5cm/yr (McNamara et al., 1994; Silver et al., 1999; Holt, 2000) . Eastern North America possesses characteristics of both models, with a component of sublithospheric mantle flow around a continental keel, combined with a clear signature of vertically coherent deformation within the lithosphere in some regions (Fouch et al., 2000) .
Southern African mantle anisotropy
The Southern African Seismic Experiment (SASE) has permitted the unprecedented sampling of the seismic properties of the lithospheric mantle (e.g., Carlson et al., 1996; Freybourger et al., 2001; James et al., 2001; Nguuri et al., 2001; Silver et al., 2001; Gao et al., 2002; Niu and James, 2002; Saltzer, 2002; Fouch et al., 2004a; b) . In the following, we focus on those studies that have analyzed seismic anisotropy.
Shear-wave splitting observations
As observed by Silver et al. (2001) , mantle anisotropy has been observed throughout the Western Kaapvaal, Zimbabwe Craton, and Limpopo belt but is only weakly present in the eastern Kaapvaal Shield and off-craton to the south and west (Figure 1) . The values of exhibit systematic spatial variations. In the southwestern Kaapvaal they are roughly north-northeast to southsouthwest, rotate to northeast-southwest further north, and to nearly east-west in the northeastern part of the craton, including the Limpopo belt. Just north of the Limpopo, there are several stations in the vicinity of the Great Dyke with values oriented northnortheast to south-southwest. Values of range from about 0°to 80°(clockwise from north), and ␦t values for the entire region are small. Where detected, ␦t is roughly half of the global average of 1.0 s (Silver et al., 2001) , and splitting was not detected at ~25% of the stations. An assessment of the crustal contribution (through the analysis of splitting in P-to-S conversions from the Moho), suggests that the contribution to ␦t is primarily from the mantle, with the crustal component estimated to be about 20% of the total splitting value (Silver et al., 2001) .
There are clear regional variations in the size of splitting delay times within cratonic southern Africa. As noted by Silver et al. (2001) , while there is observable anisotropy in the north and west of the craton, the eastern shield is effectively isotropic. The lateral transition between strong and weak anisotropy is fairly abrupt in some places. For example, there is a clear north-south transition that is approximately coincident with the EW trending Thabazimbi-Murchison Lineament (TML) (Figure 1 ). In addition, in the central Kaapvaal there is evidence for a sharp transition in fabric strength, based on data from the high-resolution Kimberley Seismic Array (KSA, Fouch et al., 2004b) , which consists of 31 stations with an aperture of about 60x40km. As shown in Figure 2 , there is a remarkably systematic variation in SKS splitting delay time across the array, from northwest to southeast, decreasing from about 0.8 to 0.2 s over only 60 kilometers. Because of the small aperture of the array, these variations in splitting parameters must result from differences in lithospheric mantle fabric.
Surface wave anisotropy
A study of radial and azimuthal anisotropy in surface waves reveals the following characteristics. First, the magnitudes of anisotropy inferred from the surface and body wave data sets are compatible (e.g., Freybourger et al., 2001; Saltzer, 2002 ). An integral of the surfacewave model yields a surface-wave-derived estimate of the splitting delay time of 0.6s, which is essentially the same as the average splitting delay time. The average 
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depth extent of the anisotropy inferred from surface waves indicates that it is primarily of mantle origin and is localized within the lithosphere to depths no greater than 220km. There was no detectable azimuthal anisotropy when averaged over the entire data set. This observation is consistent with the large range of splitting fast polarization directions found throughout the regions that have likely been averaged out in the surface-wave analysis.
Physical process responsible for mantle anisotropy
We next seek to determine the physical process (or processes) responsible for the mantle anisotropy. In order to use the anisotropy to study ancient lithospheric deformation, we first need to determine whether this is indeed the dominant source of anisotropy. Toward this goal, we first evaluate the alternative model that the anisotropy is due to simple asthenospheric flow, which would correspond to present-day deformation within the asthenosphere that is the result of the motion of the African plate over the deeper mantle. We can test the simple asthenospheric flow model by making a prediction of using models of both plate motion and the velocity of the subasthenospheric mantle. For example, we can assume that the subasthenospheric mantle is fixed in a hotspot reference frame. Figure 3 shows the observed values of as a function of latitude, as well as the predictions from two models for this case: NUVEL-HS2-1A (Gripp and Gordon, 1990) , and a newer model NUVEL-HS3-1A (Gripp and Gordon, 2002 ). The earlier model makes predictions that are consistent with some of the observations (where the two trends cross, at latitudes of -28°and -20°), but it fails to account for the overall trend in . The more recent plate-motion model is an even poorer fit to the observations. It is important to point out that the absolute velocity of Africa is not well constrained, since Africa plate velocities are very low; these two models are not significantly different from each other, nor are they significantly different from a velocity of zero for the African plate (Gripp and Gordon, 2002) . However, virtually any plate-motion model would yield a linear trend in Figure 1 , and thus fit the data poorly. Another possibility is that the subasthenospheric mantle beneath southern Africa is not fixed in a hotspot reference frame, but in motion. Indeed analysis of splitting for oceanic stations surrounding southern Africa reveals the influence of a large-scale lower-mantle upwelling (Behn et al., 2003) . However, the inferred flow-field is approximately uniform beneath southern Africa and predicts northeast-southwest values of (similar to that predicted by the NUVEL-HS2-1A) and is also a poor fit to the data. These comparisons thus suggest that simple asthenospheric flow is not the dominant source of mantle anisotropy beneath southern Africa. Another possible model is that both a lithospheric and deeper asthenospheric component exist in the region. This model geometry would lead to two anisotropic layers, which have a predictable effect on the back-azimuthal variations in splitting (Silver and Savage, 1994; Rumpker and Silver, 1998; Saltzer et al, 2000) . We have in fact searched for two anisotropic layers but have found no evidence for such structure (Silver et al., 2001) . Thus, we conclude that the splitting observations argue for a lithospheric source that is unrelated to present-day tectonics. We note that a lithospheric source for the anisotropy is corroborated by regional surface wave studies as noted above (Freybourger et al., 2001; Saltzer, 2002) , high-resolution measurements in the Kimberley region of the Kaapvaal Craton (Fouch et al., 2004b) , and an extensive examination of mantle xenolith petrofabrics, clearly documenting that the Kaapvaal Craton lithospheric mantle is seismically anisotropic (Ben-Ismaïl et al., 2001) .
Characterizing the mantle lithospheric deformation field and its relation to surface geology The pattern of anisotropy mentioned above implies a pattern of ancient mantle lithospheric deformation beneath southern Africa. There are three striking characteristics of mantle deformation across the region that may be inferred from the seismic anisotropy (Figure 1) . First, on the largest scale, we observe a spatially continuous arc of mantle deformation that extends from the southwestern Kaapvaal to the northeastern Kaapvaal Craton, Limpopo belt and southwestern Zimbabwe Craton. Along this region, is oriented subparallel to the arc. This pattern of deformation is typically observed in modern convergent margin settings dominated by transpressional deformation, such as Tibet (McNamara et al., 1994; Sandvol et al., 1997 , Holt, 2000 . (Figure 1 ). The arc is primarily associated with ~2.9 to ~2.6 Ga convergent margin processes dated in both the crust and mantle (de Wit et al., 1993; Carlson et al., 2000; Kroner et al., 2000; Poujol et al., 2002; Schmitz, 2002; Schmitz et al., 2003) , and thus likely records an Archean mantle deformational event. Second, the older ~3.1 to ~3.7 Ga eastern shield of the Kaapvaal Craton is characterized by weak to negligible anisotropy. Finally, there is a distinctly different mantle deformation field, oriented approximately north-northeast-southsouthwest in northeastern Zimbabwe, that is geographically associated with and oriented parallel to the Great Dyke. As we will see, Great-Dyke-related fabric is also likely Archean in age (Figure 1) . One of the important issues in understanding lithospheric evolution in the Archean is whether the crust and mantle components of the lithosphere deform coherently. The extensive seismic coverage of cratonic southern Africa from the SASE has allowed us to examine crust-mantle coherence in unprecedented detail. In many parts of southern Africa, coherence of mantle anisotropy with large-scale crustal structures is observed, (Figures 1 and 4) , with splitting directions paralleling the north-northeast trending Colesberg Magnetic Lineament in the southwestern Kaapvaal, and the east-northeast trending structures (Triangle and Palala Shear Zones and the Thabazimbi-Murchison Lineament) in the northeastern Kaapvaal and Limpopo belt, which represent the ends of this large-scale deformational arc. However, in the middle region, namely the northwestern Kaapvaal craton, crustal deformation (as inferred from limited geologic fabric data) has a distinctly different orientation, compared to deformation inferred from mantle anisotropy. In this area, the arc of mantle deformation exhibits northeastsouthwest trending fabric (Figure 1 ). In contrast, the surface geology reveals north-south trending structures, in particular the Kraaipan Greenstone Belts, which at face value would suggest significant crust-mantle decoupling in this area. Although it is admittedly difficult to identify the dominant crustal fabric of the region, given the paucity of basement exposure and the significant overprint of Ventersdorp extensional tectonics in the region, such an inference is supported by a recent reexamination of seismic reflection profiles, concluding that these north-south trending features are probably superficial and limited to the upper crust (de Wit and Tinker, 2004) . The structural complexity of this region is unsurprising, given that it was the syntaxis of synchronous ca. 2.9 Ga deformation and collisional accretion along both the northern and western ramparts of the Kaapvaal shield (de Wit et al., 1992; Poujol et al., 1996; Kroner et al., 2000; Schmitz, 2002; Schmitz et al., 2003) .
One of the most intriguing features of the splitting data set is the anisotropy and inferred mantle deformation associated with the Great Dyke. This locale is particularly valuable to our analysis because the close correspondence between the Great Dyke orientation and ensures that the mantle anisotropy is unambiguously reflecting Archean structures in the mantle. As argued by Silver et al. (2001) , it is highly unlikely that the Great Dyke structure itself would give rise to the anisotropy. If one attempts to explain, for example, the shear-wave splitting patterns with shape preferred orientation (SPO) geometries, due to the compositional difference between the Dyke and surrounding rocks in the mantle, there is simply insufficient seismic velocity contrast to generate the observed anisotropy. Dikes could only generate such a splitting signal if there existed a significant melt fraction, which is unlikely for the Great Dyke at present.
A much more probable explanation is that the Great Dyke was extruded through pre-existing lithospheric mantle fabric that possessed this particular orientation. This places a minimum date for the fabric of ~2.58 Ga, the emplacement age of the Great Dyke (Mukasa et al., 1998 , Wingate, 2000 . The relationship between this mantle fabric and the local geologic history of the surface rocks of the Zimbabwe Craton, however, is unclear. There have been two primary crust-forming, deformation-inducing episodes in the Zimbabwe craton at ~3.5 Ga and ~2.9 Ga. There is no obvious relationship between this mantle fabric and the ~2.9 Ga event. Thẽ 3.5 Ga event may have been widespread at one time (Horstwood et al., 1999) . The largest remnants of this earlier episode are found in two locales with nearly identical ages: the Tokwe segment and the Midlands, just east and west of the Great Dyke respectively. However, the dominant orientation of crustal fabric in these remnants is unclear. The mantle fabric thus appears unrelated to the ~2.9 Ga event, and may or may not be related to the ~3.5 Ga event. In either case, it appears that there has been significant decoupling between the upper crust and upper mantle from the time of this fabric formation to the subsequent emplacement of the Great Dyke. Crust-mantle decoupling has also been inferred from the geology, based on the distribution pattern of primary accretionary shear zones (Dirks and Jelsma, 2003) .
Pre-existing mantle fabric and magmatic evolution
There is a well-known axiom in geology that the style of crustal deformation is often controlled by pre-existing structures, or in short, "old faults never die". Indeed, a crustal fault can be reactivated many times within the context of differing stress regimes. The TML, active from 2.9 Ga to the Mesozoic, is one of the world's best examples (Good and de Wit, 1997 Recently, it has been argued that the deformationinduced lattice preferred orientation (LPO) that produces mantle seismic anisotropy, also produces a mechanical anisotropy. The study of mechanical anisotropy in olivine aggregates (olivine is the weakest of the mantle minerals and thus controls strength) suggests that shear failure is most probable along the plane (010). For transpressional deformation, the (010) plane is expected to be oriented vertically with strike parallel to the trend of the collisional belt and to the splitting fast polarization direction, . This hypothesis thus predicts that former collisional zones would be weak in shear and tension for vertical planes oriented parallel to the trend of the collisional belt (Tommasi and Vauchez, 2001) . We consequently extend the old geological axiom to the mantle: "old fabric never dies". In the case of Southern Africa, we propose that the mantle fabric, acquired through collisional deformation in the Neo-Archean, has played a major role in controlling the subsequent extensional and magmatic evolution of the region. While the Great Dyke represents the clearest case of a dike swarm passing through lithosphere with preexisting mantle fabric, there are three other cases where the same phenomenon appears to be taking place, namely the Ventersdorp Rift and flood basalts (2.715 to 2.709 Ga, Armstrong et al., 1991) , the Bushveld Complex (2.059-2.054 Ga, Walraven and Hattingh, 1993; Buick et al., 2001) , and the Soutpansberg Trough (~1.9 Ga, Bumby et al, 2002) (Figures 1 and 4) . In the case of the Ventersdorp, recent analysis of seismic reflection profiles strongly suggests that the dominant orientation of Ventersdorp rifts is northeast to southwest (Tinker et al., 2002; de Wit and Tinker, 2004 , with the notable exception of east-west trending faults just south of the TML). Throughout this zone, the average value of is about 45°, parallel to these faults. Similarly, the Bushveld is localized along the east-west trending TML (du Plessis and Walraven, 1990) , and its location corresponds to a latitude where there is an abrupt change in from 45°t o a value closer to east-west. The Sibasa basalts were erupted into the Soutpansberg Trough, a half-graben bounded on the south by reactivation of the Palala Shear Zone as a north-dipping normal fault (Bumby et al., 2002) . The axis of the trough is aligned not only with the Palala Shear Zone but also with the east-west trend of mantle anisotropy in the Central Zone of the Limpopo Belt. It thus appears that all four of these magmatic events have passed through and exploited preexisting fabric in the lithospheric mantle.
Collisional rifts
Not only are the orientations of the dike intrusions controlled by mantle fabric created by previous deformational events, but it also appears that in all four cases the magmatic episodes themselves are closely related to contemporaneous deformational events (Table 1 ). The Neo-Archean Ventersdorp rift is temporally linked with compressional deformation and crustal thickening in the Central and Southern Marginal Zones of the Limpopo Orogen (Barton et al., 1992; Kroner et al., 1999; Kreissig et al., 2001) . Similarly, the Great Dyke was emplaced during the exhumation of the Northern Marginal Zone of the Limpopo Orogen over the Zimbabwe Craton (Mkweli et al., 1995; McCourt and Armstrong, 1998; Frei et al., 1999) . In the Paleoproterozoic, emplacement of the Bushveld-Molopo Farms Complex was nearly synchronous with the Magondi Orogeny along the Norath-west margin of the Zimbabwe-Kaapvaal Cratons Mapeo et al., 2001; McCourt et al., 2001 ). Significant dextral transpressional reactivation of the Triangle and Palala Shear Zones of the Limpopo Belt are also recorded at this time Schaller et al., 1999; Bumby et al., 2001) . Subsequent extensional * We informally refer to the orogenies occurring at ca 2.9 Ga on the western and northern margins of the Kaapvaal shield the Kimberley and Pietersburg Orogens, respectively. denotes direction of horizontal most compressive stress direction for orogen. ** wrt: with respect to. (Cornell et al., 1998; Bumby et al., 2002) . A plausible explanation for this temporal correspondence is that they are all collisional rifts or impactogens, similar to the Rhinegraben and Baikal rifts (Sengor et al., 1978) . These rifts form at a high angle to collisional belts and are due to the far-field stresses associated with the collision. Such rifting is possible for any vertical plane orientation for which the collision produces tensional normal stresses. This corresponds to orientations that are within 45°of the collision direction. The correspondence between rift orientation and mantle anisotropy arises because the actual rift orientation is locally controlled by the pre-existing mantle fabric.
Thus a collisional rift is expected to form at a high angle to the collisional belt, and be synchronous with or precede the magmatic episode. Indeed Burke et al. (1985) and Wilson (1990) have made such a proposal for the Great Dyke and Ventersdorp respectively. Regarding rift orientation, in all four cases the angle between belt and rift is less than or equal to 45°, and consistent with (Table 1) . Regarding the timing, there are precise ages both for the orogenic events, in the form of the age of high temperature metamorphism, and for the onset of rifting. For the rifts, these are Great Dyke: ~2.58 Ga (Wingate, 2000; Mukasa et al., 1998) , Ventersdorp: ~2.72 Ga (Armstrong et al., 1991) , Bushveld: ~2.06 to ~2.05 Ga (Walraven and Hattingh, 1993; Buick et al., 2001) and Soutpansberg: ~1.88Ga (Bumby et al., 2002; Hanson et al., 2004) . The corresponding ages of orogenic high-temperature metamorphism are ~2.58 to ~2.56 Ga for the CMZ (Kroner et al., 1999) , ~2.69 to ~2.70 Ga for the SMZ, 2.03 Ga for the Magondi Orogen, and ~1.93 Ga for the Kheis (Cornell et al., 1998, Table 1 ).
While these two sets of ages are very close, we note that in 2 of the 4 cases, the Ventersdorp and Bushveld, the orogenic age is actually younger that the rifting age by 20 to 30 Ma. At first glance this would appear to be inconsistent with the collisional-rift hypothesis. Indeed, Tinker et al. (2002) made this particular point in arguing that the Ventersdorp is not a collisional rift (and proposing an alternative model). It is, however, important to point out that the rift ages and orogenic ages are fundamentally different. While the rifting ages most likely represent the true onset of rifting, the orogenic ages, being high temperature metamorphic ages, represent either the middle or the end of the orogeny, assuming the metamorphism is due primarily to crustal thickening (rather than magmatic advection). This means that the metamorphic age may be younger than the onset age by 20 to 30 Ma (England and Thompson, 1984; Huerta et al., 1998) , which is approximately the observed difference between the rifting and orogenic ages. Accounting for this source of bias, we conclude that, given the presently available data, the onset ages of rifting and orogenies are consistent with the collisional-rift hypothesis. This is a testable hypothesis, in that a more accurate measure of the orogen onset age should yield an age that is equal to or greater than the rift age. If the ages are indeed indistinguishable, it suggests that the rifting begins at the onset of the orogen for these two cases.
Isotropic strength
As is clear from Figure 5 , the tectono-thermal activity in the anisotropic zones to the west and north is in dramatic contrast to the relative tranquility of the Eastern Shield, during this same period of time. This appears to be a contrast in strength, in that the Eastern Shield was subjected to comparable stresses, especially with respect to the Limpopo collision. In addition we note that the distribution of kimberlite eruptions, which we take as another measure of lithospheric strength, is much more prevalent in the west, compared to the east. There may be a multitude of factors that could control lithospheric strength. Lithospheric thickness differences are often invoked as a potential factor, for example. There is presently, however, no evidence that the eastern Shield is systematically thicker than regions to the west and north by the present-day seismically-inferred lithospheric thickness, presuming that it is an indicator of Precambrian thickness as well (see Fouch et al., 2004a) . This strength difference may be attributed to mechanical anisotropy in the mantle. An anisotropic aggregate will have a weak orientation that will always be weaker than the strength of an equivalent isotropic aggregate. We thus speculate that the difference in strength between the eastern shield and elsewhere is in part due to the absence of a mantle fabric in the east.
Discussion and conclusions
A summary of the Precambrian history of southern Africa from the viewpoint of the anisotropic mantle is relatively simple, as is shown schematically in Figure 5 and Table 1 . We define five major deformational phases, tied to major orogens that control the history of this craton: (i) an unknown pre-2.9 Ga orogen that imparts a mantle fabric to the Zimbabwe craton, (ii), a collision at ~2.9 Ga along the western and northern boundaries of the Kaapvaal Shield, imparting mantle fabric to the Kimberly and Pietersburg terranes, (iii) The Limpopo orogen, at 2.6 to ~2.7 Ga, which imparts mantle fabric to the three Limpopo zones, and which produces collisional rifts to the north and south, namely the Great Dyke and Ventersdorp, (iv), the ~2.0 Ga Magondi orogen, both reactivating shear zones in the Limpopo and producing the Bushveld as another collisional rift, and finally (v) the ~1.8 to 1.9 Ga Kheis orogen, which produces the final collisional rift, namely the Soutpansberg trough. In all of these cases, the rifts formed at an orientation that is parallel to preexisting mantle fabric, as inferred from mantle anisotropy.
An important conclusion of the work discussed here is the realization of the dual role of orogens, both in creating strain-induced fabric in the mantle, and in subsequently generating far-field extensional stresses that reactivate this mantle fabric in the form of collisional-rifting events (e.g. Tommasi and Vauchez, 2001) . The four collisional rifts discussed here are not superficial shallow crustal features, but instead represent rifts through the entire lithosphere, given both the close correspondence with mantle deformation, and the fact that their basaltic-composition magmatic products represent primary melts of the sublithospheric mantle. As such, these rifts constitute useful constraints on the properties of both the lithosphere and sublithospheric mantle. In particular, it is necessary to account for both the source of these basalts, as well as the survivability of cratonic mantle lithosphere, in the face of these magmatic events.
A significant consequence of a collisional-rift interpretation of these magmatic events is that the timing of rifting and magmatism is controlled entirely by temporal variations in lithospheric stress, rather than, say, the transient ascent of plumes rising from the deep mantle. The apparent ready availability of mantlederived melts during each of these rifting events raises two intriguing hypotheses. The first requires a temporal relationship between orogenesis and sublithospheric upper mantle melting, namely, could melting in the sublithospheric upper mantle be primed in some way by the pre-history of plate convergence and subduction beneath the cratonic lithosphere? Alternatively, did there exist a semi-permanent reservoir of partial melt beneath the lithosphere that was tapped whenever lithospheric stresses were favorable to the creation of rifts? If so, the timing of the 4 rifts we have discussed would necessitate the survival of this reservoir for nearly one billion years. Completely evaluating these two alternatives is beyond the scope of this contribution; however we may speculate on mechanisms for establishing super-solidus temperatures in the sublithospheric mantle. Estimates of the potential temperature required for melts to occur in the subcontinental asthenosphere are approximately 1450 to 1550°C (White and McKenzie, 1995) , some 200 to 300°C hotter than those today. It is well known that thick continental lithosphere has a thermal blanketing effect on the mantle below which result in higher mantle temperatures (e.g. Guillou and Jaupart, 1995; Grigne and Labrosse, 2001) if the rate of heat generation is greater than the rate of heat loss. More generally, beneath large continents the mode of convection locally behaves more like stagnant-lid convection, rather than plate tectonics. This mode of convection is much less efficient at removing heat, which can lead to a gradually increasing potential temperature (e. g. Sleep, 2000) , to the point that the geotherm could cross the solidus of fertile peridotite, while at the same time leaving the refractory depleted lithosphere intact. This molten basalt is then able to rise to the surface whenever collisional rifts are formed in the lithosphere.
While we presently lack the evidence to fully evaluate the mechanisms for melt generation associated with these Archean and Proterozoic rifting events in southern Africa, we believe the highlighted correlations with old mantle fabric, collisional orogenesis and changes in plate stresses reveal a path of future study toward a better understanding of the role of continental lithosphere in upper mantle dynamics. Similarly while further data are necessary to firmly establish the collisional-rift interpretation of Archean and PaleoProterozoic tectonomagmatic events, this hypothesis has the advantage of making several testable predictions, from the chronology of orogens, to the petrology of basalt magmas, to the mechanical strength of lithospheric mantle. We look forward to this evaluation in future studies of the southern African lithosphere.
